Methane-oxidizing bacteria are nature's primary biological mechanism for suppressing atmospheric levels of the second-most important greenhouse gas via methane monooxygenases (MMOs). The copper-containing particulate enzyme is the most widespread and efficient MMO. Under low-copper conditions methane-oxidizing bacteria secrete the small copper-binding peptide methanobactin (mbtin) to acquire copper, but how variations in the structures of mbtins influence copper metabolism and species selection are unknown. Methanobactins have been isolated from Methylocystis strains M and hirsuta CSC1, organisms that can switch to using an iron-containing soluble MMO when copper is limiting, and the nonswitchover Methylocystis rosea. These mbtins are shorter, and have different amino acid compositions, than the characterized mbtin from Methylosinus trichosporium OB3b. A coordinating pyrazinedione ring in the Methylocystis mbtins has little influence on the Cu(I) site structure. The Methylocystis mbtins have a sulfate group that helps stabilize the Cu(I) forms, resulting in affinities of approximately 10 21 M −1
Methane-oxidizing bacteria are nature's primary biological mechanism for suppressing atmospheric levels of the second-most important greenhouse gas via methane monooxygenases (MMOs). The copper-containing particulate enzyme is the most widespread and efficient MMO. Under low-copper conditions methane-oxidizing bacteria secrete the small copper-binding peptide methanobactin (mbtin) to acquire copper, but how variations in the structures of mbtins influence copper metabolism and species selection are unknown. Methanobactins have been isolated from Methylocystis strains M and hirsuta CSC1, organisms that can switch to using an iron-containing soluble MMO when copper is limiting, and the nonswitchover Methylocystis rosea. These mbtins are shorter, and have different amino acid compositions, than the characterized mbtin from Methylosinus trichosporium OB3b. A coordinating pyrazinedione ring in the Methylocystis mbtins has little influence on the Cu(I) site structure. The Methylocystis mbtins have a sulfate group that helps stabilize the Cu(I) forms, resulting in affinities of approximately 10 21 M −1
. The Cu(II) affinities vary over three orders of magnitude with reduction potentials covering approximately 250 mV, which may dictate the mechanism of intracellular copper release. Copper uptake and the switchover from using the ironcontaining soluble MMO to the copper-containing particulate enzyme is faster when mediated by the native mbtin, suggesting that the amino acid sequence is important for the interaction of mbtins with receptors. The differences in structures and properties of mbtins, and their influence on copper utilization by methaneoxidizing bacteria, have important implications for the ecology and global function of these environmentally vital organisms. C opper is an essential protein cofactor involved in many important cellular processes (1, 2) , and copper-trafficking systems have been extensively studied (1, (3) (4) (5) (6) (7) (8) . Although copper uptake by eukaryotes is well defined (1, 4, 9) , acquisition of this metal by prokaryotes remains poorly understood. Methane-oxidizing bacteria secrete the small copper-binding molecule methanobactin (mbtin) when copper is limiting (10) (11) (12) (13) (14) (15) (16) (17) (18) , presumably for sequestration of this metal. These organisms have conditionally high requirements for copper (19) , primarily for the active site (20) of the particulate methane monooxygenase (pMMO). Almost all known methane-oxidizing bacteria use pMMO for the consumption of methane (19) , an important greenhouse gas. A subclass of "switchover" organisms exists that can also produce a less efficient iron-containing soluble MMO (sMMO) under copperdeficient conditions, with pMMO expression up-regulated in response to an increase in the copper-to-cell ratio (15, 21) .
Methanobactin production has been examined in a number of methane-oxidizing bacteria (22) (23) (24) , but mbtins from only two organisms have been characterized (13, 18) . The mbtin (two forms) from Methylosinus trichosporium OB3b (a switchover organism) is the most extensively studied (13, (15) (16) (17) (25) (26) (27) (28) (29) , and binds a single copper ion coordinated in a distorted tetrahedral arrangement by the nitrogens from two oxazolone rings (29) and the sulfurs from two enethiolate groups. The molecule has a compact arrangement stabilized by a disulfide bridge. The very high affinities for copper that have been determined for the M. trichosporium OB3b molecules are consistent with mbtins playing a role in the acquisition of copper (17) . Direct evidence of uptake and cytoplasmic localization has recently been obtained for Cu(I)-mbtin from M. trichosporium OB3b (30) . These studies confirm that mbtin is the primary component of an active copper-acquisition system in methane-oxidizing bacteria. Comparisons have been made (13, 15, 16) between mbtins and iron-sequestering siderophores (31, 32) , particularly the structurally related pyoverdines. Whereas detailed information is available for siderophoremediated iron uptake and utilization, almost nothing is known about how mbtins acquire and deliver copper.
In this work mbtins have been isolated and characterized from three Methylocystis strains, including switchover and nonswitchover organisms. All of these mbtins have high Cu(I) affinities that are similar to those of the M. trichosporium OB3b mbtins. The N-terminal group present in the Methylocystis mbtins alters the Cu(II) affinity, which will influence acquisition of the metal, and results in different reduction potentials (E m values) that could dictate the copper release mechanism. Variations in the structures of mbtins affect their ability to provide copper to methane-oxidizing bacteria and to initiate the transition from using sMMO to pMMO in switchover organisms. We have identified features of mbtins that influence how methane-oxidizing bacteria uptake and utilize copper that may influence their capacity to suppress methane in the natural environment.
Results and Discussion
Methanobactin Production by Methylocystis Strains. Methanobactins have been isolated (Fig. 1, Fig. S1 , Table S1 , and SI Text) from Methylocystis strains M (19) and hirsuta CSC1 (33), both switchover organisms, and the nonswitchover Methylocystis rosea (34) . Growth under copper-limiting conditions leads to increased amounts of these molecules in the media, consistent with a role in copper acquisition. The two major mbtin forms produced by Methylocystis strains M and hirsuta CSC1 differ by the mass of a Thr residue (101.04 Da, see Fig. 1 B and C and Table S1 ) and will be referred to as mb (for the full-length molecule) and mb− Thr ð Þ (mb minus a Thr residue) (M. rosea produces more forms, see SI Text). Enzymatic digestion of the mb forms by carboxypeptidase Y shows that this Thr residue is at the C terminus ( Fig. S2 A and B) . A further modification resulting in a mass difference of 79.96 Da, corresponding to a sulfonate (18) is found by tandem mass spectrometry (MS/MS) (Fig. 1D) . Absence of the sulfonate to give the mb− SO 3 ð Þform is also observed in purified extracts of M. hirsuta CSC1 ( Fig. S1E and Table S1 ). We have investigated the stability of the purified Methylocystis mbs under our growth conditions and find no indication that any of these modifications (C-terminal cleavage or loss of the sulfonate) occur in cell-free spent media ( (Fig. 2 A and B) and also using an mbtin with a Cu(I) affinity that already has been determined (Fig. 2C ). The composition of mbtins differ (see below), but this has a limited effect on the Cu(I) affinities, which are typically in the 10 21 M −1 range (Table S2 ). The absence of the sulfonate group in the M. hirsuta CSC1 mbtins decreases the Cu(I) affinity by more than an order of magnitude (Fig. 2B  and Table S2 ), similar to the effect of reduction of the disulfide bond in M. trichosporium OB3b mbtins (17) . A very high affinity for Cu(I) is a distinctive feature of this class of copper-binding molecule.
Methanobactins Exhibit a Range of Reduction Potentials. The E m values of Methylocystis (copper-loaded) mbtins have been measured by cyclic voltammetry (CV) ( (Table S2) . These E m values, and particularly those of the Methylocystis strains M and rosea mbtins, are consistent with a strong preference for Cu(I) over Cu(II) ( Table S2 ). The E m differences are primarily due to Cu(II) affinities that are approximately three orders of magnitude higher in the M. hirsuta CSC1 mbtins, compared to the Methylocystis strains M and rosea molecules (Table S2) . Such variations in copper affinity can have significant physiological consequences (6) (7) (8) . The E m value [and Cu(II) affinity] of an mbtin does not appear to correlate with the ability of that organism to switch over, as Methylocystis strain M (switchover) and M. rosea (nonswitchover) both produce mbtins with similarly high E m values.
The Crystal Structures of the Methylocystis Methanobactins. Attempts to crystallize M. hirsuta CSC1 Cu(I)-mb were unsuccessful, and very low yields of the full-length Methylocystis strain M mbtin precluded crystallization trials. However, we have been able to crystallize Cu(I)-mb− Thr ð Þ from Methylocystis strains M and hirsuta CSC1 (Table S3 and SI Text) (M. rosea mbtins were not crystallized due to their similarity to the mbtins from Methylocystis strain M). Both molecules possess very similar (root mean square deviation for the C α atoms of 0.51 Å) hairpin-like structures ( Fig. 3 A and B) , which are very different from the more compact arrangement of the M. trichosporium OB3b mbtins (13, 17) . NMR studies have indicated that the mbtin from Methylocystis SB2 (18) has a comparable overall fold to the structures we have determined. The Methylocystis mbtins (including M. rosea, SI Text) have similar peptide backbones composed of only four standard amino acids (Ala1, Ser2, Ala3, and either Met4 or Ala4 in Methylocystis strains M and hirsuta CSC1 mbtins, respectively) and two modified residues that include oxazolone and pyrazinedione rings (Fig. 3 A-C, Fig. S4 , and SI Text). The pyrazinedione ring in the Methylocystis mbtins studied here replaces one of the oxazolone rings of the M. trichosporium OB3b molecules (an imidazole has been suggested in Methylocystis SB2 mbtin; ref. 18) . Pyrazinediones have been found in very few naturally produced compounds, with the only examples being small molecules from certain fungi (35) , and its involvement in coordinating a metal is, as far as we are aware, unprecedented. The structurally characterized mbtins have Cu(I) sites coordinated by a N 2 S 2 ligand set with very similar distorted tetrahedral geometries ( Fig. 3 and Table S4 ), although the C-terminal sulfur (Fig. 3D) .
The sulfate group in the Methylocystis mbtins is attached to a Thr side chain (O-sulfonation), and makes stabilizing interactions ( Fig. 3 A and B) . A hydrogen bond is formed with the backbone amide of Ser2, and a π-anion interaction (36) (37) (38) (39) occurs between the sulfate and the distal edge of the pyrazinedione ring. This interaction will be favored by copper coordination that will decrease electron density on the aromatic ring (36) . The absence of the sulfonate group affects the affinity for Cu(I) more than that for Cu(II) and results in 40-50 mV decreases in E m (Table S2 ). In siderophores from marine bacteria, sulfonation of the Fe(III)-binding catechol rings has been observed, and it has been suggested that these forms may represent a distinct class of siderophores (31) .
The large variation in E m between the Methylocystis strains M and hirsuta CSC1 mbtins is not due to Cu(I) site differences, as these have remarkably similar structures ( Fig. 3 A and B and Table S4 ) that are equally solvent exposed. The main determinant of the E m is a second-coordination sphere change caused by alterations at the N termini (Fig. S4) . The positively charged guanidine group in the mbtin from Methylocystis strain M (and presumably also M. rosea mbtin) hydrogen bonds via N 25 to the coordinating S 19 atom (Fig. 3B) . This interaction is absent in the M. hirsuta CSC1 mbtins that have a thioether moiety at the N terminus (Fig. 3A) . This hydrogen bond will decrease electron density on the coordinating sulfur, disfavoring the Cu(II) form over the Cu(I) form and increasing the E m value [this interaction can also be rationalized electrostatically, with the positively charged guanidine group destabilizing Cu(II)] (40). Because an N-terminal guanidine group is present in the Methylocystis SB2 mbtin (18) we would predict a high E m and a low Cu (II) affinity. It has been suggested that Cu(I)-mbtin acts as an electron donor to pMMO (27, 41, 42) . If this is the case, alterations in the E m values of mbtins will have functional relevance in optimizing the rate of electron transfer to pMMO. Methanobactins are probably sufficiently flexible to allow structural changes upon redox interconversion, unlike copper sites that are involved in biological electron transfer (43, 44) , which will hinder such reactivity. The observed E m differences of mbtins are therefore probably a consequence of modifications made primarily to alter the affinity for Cu(II).
Methanobactin-Mediated Copper Acquisition. The large differences in the Cu(II) affinities of mbtins will influence their relative ability to sequester copper from natural sources, which will have functional relevance for methane-oxidizing bacteria, particularly in mixed populations. The mbtin from M. trichosporium OB3b can be internalized (30), consistent with this molecule being the initial source of copper for trafficking pathways to cellular destinations (mbtins may also help diminish copper toxicity, Fig. S5 and SI Text). It is not clear if the membranes that harbor pMMO are contiguous with the cytoplasmic membrane, and therefore whether pMMO may provide a rare example of a bacterial cytoplasmic protein that requires copper. The removal of copper from mbtins is not favored due to their high affinities for Cu(I). This may prevent the copper metallochaperone CopZ and the copper transporting ATPase CopA, which are involved in copper efflux from the prokaryotic cytosol (both are present in methaneoxidizing bacteria; refs. [45] [46] [47] , from acquiring Cu(I) directly from mbtins as their affinities are at least three orders of magnitude weaker (8, (48) (49) (50) (51) (52) . Homologues of the copper-dependent transcriptional activator CueR (53) are also present in methane-oxidizing bacteria (45) (46) (47) and probably have Cu(I) affinities closer to those of mbtins (53) , making copper transfer to CueR thermodynamically more favorable than transfer to a metallochaperone.
TonB-dependent transporters (45-47) appear to be responsible for the active uptake of mbtin (30) . Analogous systems are responsible for siderophore uptake in bacteria (31, 32, 54, 55) , and in the case of the mbtin-like pyoverdines, specificity for the host receptor is achieved by the peptidic part of the siderophore (56, 57) . To gain insight into the physiological function of mbtins, we investigated the uptake of different Cu(I)-mbtins, and their ability to promote switchover from sMMO to pMMO in M. trichosporium OB3b and M. hirsuta CSC1 cells (Fig. 4) . Nonnative Cu(I)-mbtins are internalized by both organisms, and the absence of the apo-form of the added mbtin in the media during these experiments demonstrates that the endogenous mbtin (also not observed) is not involved in this process (Fig. 4A) . Copper accumulation, and switchover from sMMO to pMMO, however, is more efficient with the native Cu(I)-mbtin (Fig. 4 B and C) . Furthermore, copper uptake by M. hirsuta CSC1 appears to be slower with the native Cu(I)-mb− Thr ð Þ compared to the native full-length form (Fig. 4C) , although sMMO activity decreases are similar (Fig. 4C and Fig. S5B ). Shortened forms of both the Methylocystis and the M. trichosporium OB3b mbtins (17) are able to promote physiological responses. Cu(I)-mb from M. hirsuta CSC1 and M. trichosporium OB3b have very similar Cu(I) affinities yet mediate copper uptake and switchover at different rates, and we therefore propose that the amino acid sequence of a mbtin must be important for the interaction with the receptor. Copper-regulated transition from using sMMO to pMMO is not fully understood (15, 21) . The observation that the Methylocystis strains M (switchover) and rosea (nonswitchover) mbtins have similar properties and structures would suggest that Cumbtin is not directly involved in the switchover mechanism.
The utilization of mbtin-bound copper, either by pMMO, other copper enzymes, or regulatory systems presumably requires copper removal, which our data indicate are thermodynamically unfavorable (release will also be kinetically hindered by the relatively buried nature of the coordinatively saturated metal site). In summary, mbtins from switchover and nonswitchover Methylocystis strains have been characterized in detail and the features of these molecules that influence mbtin-mediated copper acquisition by methane-oxidizing bacteria identified. Although involving different modified amino acids, the ligand set and geometry of the copper sites of mbtins are highly conserved, as are their high affinities for Cu(I). The differences in E m values of mbtins most likely reflect alterations in their ability to sequester Cu(II) from natural sources that may influence in situ species selection and the intracellular copper release mechanism. We propose that the amino acid composition of mbtins plays an important role in their recognition and uptake. This analysis of the variations in the properties of mbtins and their physiological impact provides insights into the only known prokaryotic copper-acquisition system and has importance for understanding greenhouse gas suppression by these environmentally critical organisms.
Materials and Methods
Isolation and Purification of Methanobactins. For mbtin isolation methaneoxidizing bacteria were grown either in the presence (1 μM) or absence of copper (17) . Purification of crude extracts obtained after passing extracellular media through C 18 cartridges (Sep-Pak Plus; Waters) was performed by reverse-phase HPLC using a previously described procedure (17) with some modifications (SI Text). The purity of the isolated mbtins was verified by analytical HPLC (SI Text). In the case of Methylocystis strain M, many cycles of growth were required before any mbtin could be detected in the media, and yields were considerably lower than those for all other mbtins.
Characterization of Methanobactins. Mass determinations were performed by electrospray ionization mass spectrometry (17) . UV-visible spectra (25°C) were acquired on a PerkinElmer λ35 spectrophotometer, typically using sealed quartz cuvettes. Copper concentrations were measured by atomic absorption spectrometry and were used to determine molar absorption coefficients (ε values) of Cu(I)-mbtins (17) . Concentrations of apo-mbtins were obtained from titrations with Cu(I) in the presence of bicinchoninic acid as described previously (17) . Enzymatic digestion (22°C) with carboxypeptidase Y from Saccharomyces cerevisiae (Sigma; EC 3.4.16.1) was carried out in 10 mM ammonium acetate pH 7 and the mixture analyzed by analytical HPLC (SI Text). The stability of mbtins in cell-free spent media was assessed as described previously (17) .
Cu(I) Affinity Determinations. Cu(I) affinities (K b values) were mainly determined (25°C) by competition experiments with BCS in 20 mM Hepes pH 7.5 plus 200 mM NaCl (17) . The Cu(I) affinities of certain mbtins were measured (24 AE 2°C) by incubating the apo-form of one mbtin and the copper form of a second mbtin for at least 6 h. Prior to HPLC analysis of this mixture, 10 equivalents of ethylenediaminetetraacetic acid were added. Peaks were integrated and compared to mbtin alone, run under the same conditions. The Cu(I) affinity was calculated using Eq. 1;
where mbtin 1 is the mbtin for which the affinity is being determined and mbtin 2 is the mbtin of known Cu(I) affinity. ½Cu t and ½mbtin t represent the total concentrations of Cu(I) and mbtin (either 1 or 2), respectively, and [Cu-mbtin 1 ] represents the concentration of the copper-bound form of mbtin 1 .
Electrochemistry. The direct measurement of the E m values of the copperloaded mbtins (approximately 500 μM) was carried out by CV as described previously (ref. 17 and SI Text). Measurements (24 AE 2°C) were performed in 20 mM Hepes at pH 7.5 plus 90 mM NaCl typically at a scan rate of 20 mV∕s. E m values are quoted referenced to the normal hydrogen electrode.
Crystallization and Structure Determinations. Crystallization conditions are described in the SI Text along with data collection and refinement statistics (Table S3) . Briefly, X-ray diffraction data were collected at the IO2 beamline at the Diamond Light Source. The datasets were integrated using XDS (62) and scaled with SCALA (63) . The phases were solved by single-wavelength anomalous dispersion using the signal from copper with SHELXC/D/E pipeline (64) . COOT (65) was used for model building and SHELXL (66) Cu(I)-mb− Thr ð Þ, or CuSO 4 was added (5 μM) were monitored over 120 h as described in the SI Text.
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